Helbo S, Fago A. Allosteric modulation by S-nitrosation in the low-O2 affinity myoglobin from rainbow trout. Am J Physiol Regul Integr Comp Physiol 300: R101-R108, 2011. First published October 20, 2010 doi:10.1152/ajpregu.00374.2010 serves in the facilitated diffusion and storage of O2 in heart and skeletal muscle, where it also regulates O2 consumption via nitric oxide (NO) scavenging or generation. S-nitrosation at reactive cysteines may generate S-nitroso Mb (Mb-SNO) and contribute further to NO homeostasis. In being a monomer, Mb is commonly believed to lack allosteric control of heme reactivity. Here, we test whether in rainbow trout, a fast swimmer living in well-aerated water, the Mb-O2 affinity is regulated by ionic cofactors and S-nitrosation. O2 equilibria showed the lowest O2 affinity ever reported among vertebrate Mbs (P50 ϭ 4.92 Ϯ 0.29 mmHg, 25°C), a small overall heat of oxygenation (⌬H ϭ Ϫ12.03 kcal/mol O 2), and no effect of chloride, pH, or lactate. Although the reaction with 4,4=-dithiodipyridine (4-PDS) showed 1.3-1.9 accessible thiols per heme, the reaction of Mb with S-nitroso cysteine (Cys-NO) and S-nitrosoglutathione (GSNO) to generate Mb-SNO yielded ϳ0.3-0.6 and ϳ0.1 SNO/heme, respectively, suggesting S-nitrosation at only one cysteine (likely Cys 10 ). At ϳ60% S-nitrosation, trout Mb-SNO showed a higher O 2 affinity (P50 ϭ 2.23 Ϯ 0.19 mmHg, 20°C) than unmodified Mb (3.36 Ϯ 0.11 mmHg, 20°C). Total SNO levels measured by chemiluminescence in trout myocardial preparations decreased after hypoxia, but not significantly, indicating that transnitrosation reactions between thiols may occur in vivo. Our data reveal a novel, S-nitrosation-dependent allosteric mechanism in this low-affinity Mb that may contribute to targeted O 2-linked SNO release in the hypoxic fish heart and be of importance in preserving cardiac function during intense exercise. fish; nitric oxide; allostery; oxygen binding MYOGLOBIN (MB) IS A MONOMERIC, oxygen (O 2 )-binding heme protein found at high levels in almost all aerobic skeletal and cardiac muscle of vertebrates, including fish. As its O 2 affinity (P 50 , the O 2 tension at half-saturation) lies between that of hemoglobin (Hb) and cytochrome-c oxidase, Mb is capable of extracting O 2 from the blood, storing it, and facilitating its delivery to the mitochondria (18, 53). Previous studies have indicated a broad range of relatively high P 50 values in fish Mbs (28, 29, 33) , reflecting the large variation in water oxygenation levels and swimming activity. In contrast, Mbs from mammals (1) and birds (8) show P 50 values at 25°C almost invariably close to 1 mmHg. In general, the P 50 of mammalian Mb is insensitive to allosteric cofactors, such as protons and anions (1, 40). As a notable exception, lactate, the end product of anaerobic metabolism, has been found in one study to decrease the O 2 affinity of horse and sperm whale Mb (15). The sensitivity of fish Mbs to ionic cofactors has been less investigated.
MYOGLOBIN (MB) IS A MONOMERIC, oxygen (O 2
-binding heme protein found at high levels in almost all aerobic skeletal and cardiac muscle of vertebrates, including fish. As its O 2 affinity (P 50 , the O 2 tension at half-saturation) lies between that of hemoglobin (Hb) and cytochrome-c oxidase, Mb is capable of extracting O 2 from the blood, storing it, and facilitating its delivery to the mitochondria (18, 53) . Previous studies have indicated a broad range of relatively high P 50 values in fish Mbs (28, 29, 33) , reflecting the large variation in water oxygenation levels and swimming activity. In contrast, Mbs from mammals (1) and birds (8) show P 50 values at 25°C almost invariably close to 1 mmHg. In general, the P 50 of mammalian Mb is insensitive to allosteric cofactors, such as protons and anions (1, 40) . As a notable exception, lactate, the end product of anaerobic metabolism, has been found in one study to decrease the O 2 affinity of horse and sperm whale Mb (15) . The sensitivity of fish Mbs to ionic cofactors has been less investigated.
Besides its well-established role in O 2 storage and diffusion, Mb also plays a key role in the O 2 -dependent regulation of the in vivo levels of nitric oxide (NO), which, in the heart, has a key function in downregulating mitochondrial respiration rate by reversibly binding to cytochrome-c oxidase (2) and that in the trout myocardium has been found to increase O 2 utilization efficiency, i.e., the ratio of force generated per O 2 consumed (36) . Whereas oxygenated Mb (oxyMb) rapidly reacts with NO yielding nitrate (6) , thereby safeguarding mitochondrial respiration (11) , deoxygenated Mb (deoxyMb), including that of trout (36) , may act as a nitrite reductase and generate NO (43) . This reaction may suppress the rate of myocardial O 2 utilization during hypoxia, as also seen in trout (36) , and protect against ischemia-reperfusion injury (22) .
NO is additionally involved in protein S-nitrosation when covalently attached to a reactive thiol on a cysteine (Cys) residue, a specific posttranslational modification that may affect protein function and that depends on the reversible transnitrosation by low-molecular-weight S-nitrosated thiols, particularly S-nitroso gluthatione (GSNO), and on the formation of higher nitrogen oxides (e.g., N 2 O 3 ) (12, 52) . As a notable example, S-nitrosation at Cys ␤93 of human hemoglobin (Hb) allosterically increases the O 2 affinity, indicating that S-nitrosothiol (SNO) formation is favored in the oxy form, whereas NO release from SNO is favored in the deoxy form (25, 47) . Although the O 2 -linked SNO formation of human Hb remains controversial (35) , in its original formulation, this allosteric mechanism results in a release of NO that will contribute to dilate blood vessels and increase blood flow in hypoxic tissues, i.e., when the Hb becomes increasingly deoxygenated (25, 47) .
Rayner et al. (37) found that also human Mb, which possesses a single Cys (Cys 110 ), can be S-nitrosated and that vasoactive NO is released from S-nitrosated Mb (Mb-SNO), although the oxygenation dependency of such release was not investigated (37) . When looking at the pattern of Cys distribution among vertebrate Mbs, it appears that most Mbs from fish and reptile species possess one or more Cys residues, whereas Mbs from birds and most mammals lack them. Schreiter et al. (42) reported that S-nitrosation of a surface-exposed Cys residue (Cys 10 ) in blackfin tuna Mb caused structural changes supposedly large enough to alter functional properties. A Cys residue in this position is found in the Mb of most fish species sequenced so far, including that of rainbow trout (BAI45225, GenBank), Atlantic salmon (ACM09229, GenBank), and common carp (13) . These findings suggest that Mb, like Hb, could also play an active role in regulating internal levels of SNO, particularly in fish. Thus, Mb could display a novel O 2 -dependent NO delivery reliant on the generation of SNO and involved in the regulation of myocardial respiration.
In this study, we investigate how allosteric effectors (i.e., protons, lactate, and chloride) and S-nitrosation affect O 2 affinity of Mb purified from the heart of rainbow trout (Oncorhynchus mykiss), an active fish that lives most of its life in well-aerated waters. In a previous study, we show that changes in the levels of endogenous NO affects O 2 consumption rate and efficiency in the trout myocardium, particularly during hypoxia (36) , as it may occur in vivo during intense exercise. We test here the hypothesis that S-nitrosation may allosterically regulate O 2 affinity of rainbow trout Mb, thereby playing a potential role in the O 2 -dependent NO homeostasis of the trout heart.
MATERIALS AND METHODS
Rainbow trout (Oncorhynchus mykiss) were obtained from Funderholme trout farm, Denmark. Fish were kept in well-aerated tanks at room temperature and fed daily with commercial fish food. Unless otherwise stated, indicated chemicals were from Sigma-Aldrich. Water was milli-Q grade.
Purification of myoglobin. Fish were anesthetized with MS222 (0.1 g/l) and killed by decapitation. Animal manipulations were performed in compliance with the Danish legislation for the use of laboratory animals and were approved by the Council for Animal Experimentation under the Danish Department of Justice (journal nr. 2006/561-1192). Hearts were dissected out and rinsed with ice-cold saline before freezing at Ϫ80°C.
Frozen heart ventricles (0.12-0.84 g/ventricle, a minimum of 0.4 g/purification round) were cut in small pieces with a scalpel and homogenized for ϳ2 min on ice in buffer (4 ml/g ventricle, 50 mM Tris, 0.5 mM EDTA, 0.5 mg/ml DTT, pH 8.1) with an Ultra-Turrax T25 homogenizer. The homogenate was centrifuged in 50-ml centrifuge tubes at 10,000 g for 20 min at 4°C, and the supernatant was collected. Ammonium sulfate precipitation was then performed in two steps: 1) saturated ammonium sulfate solution was added until 40% saturation; the suspension was left stirring on ice for 45 min and centrifuged at 11,000 g for 20 min; and 2) the red supernatant was collected, and solid ammonium sulfate was added until 80% saturation. The suspension was stirred on ice for 45 min, centrifuged at 11,000 g for 20 min, and the red pellet (containing Mb and contaminant Hb) was dissolved in ϳ2 ml of dialysis buffer (5 mM Tris, 0.5 mM EDTA, 0.5 mg/ml DTT, at pH 8.1) and dialyzed at 4°C against 2 liters of dialysis buffer, with three buffer exchanges, to eliminate excess ammonium sulfate.
Fast protein liquid chromatography gel filtration of the sample was performed to separate Mb from contaminant Hb and other proteins using a Tricorn Superdex 75 10/300 GL column (GE Healthcare, New York, NY). The sample was loaded in ϳ200-l batches and eluted at a flow rate of 0.5 ml/min in 50 mM Tris, 0.5 mM EDTA, 0.5 mg/ml DTT, 0.15 M NaCl, at pH 8.3. The eluate was monitored at 542 nm by a Waters 490E programmable multiwavelength detector. Purity and molecular weight of the purified Mb were assessed by SDS-PAGE and native-PAGE (PhastGel 20% and a LMW marker; GE Healthcare) and by absorbance spectra measured using a HP 8543 UV-visible diode array UV-vis spectrophotometer to check also for possible heme oxidation. Possible Mb isoforms were examined by isoelectrofocusing (IEF) on polyacrylamide gels (PhastGel IEF 3-9, Amersham Biosciences). Samples were stored at Ϫ80°C in aliquots at a concentration of Ͼ200 M Mb.
O 2 binding equilibria. O2 binding curves of the purified Mb were determined using a modified diffusion chamber technique (27, 44) , as previously described (51) . Briefly, in this method, a water-saturated gas mixture of O 2 or air and ultrapure (Ͼ99.998%) nitrogen gas (N2) created by Wösthoff (Bochum, Germany) gas mixing pumps was used to equilibrate a thin smear (3-4 l) of Mb solution placed in a modified diffusion chamber kept at a constant temperature and equipped with a photomultiplier (model RCA 931-A) and an Eppendorf model 1100 M photometer coupled to a potentiometric linear recorder. The oxygen tension (PO 2) was increased in a stepwise fashion, and the change in light absorption of Mb was recorded at 436 nm. Zero and 100% O 2 saturation levels were obtained by equilibrating with pure N 2 and O2, respectively. P50 values were calculated from the Hill plot: log(Y)/(1 Ϫ Y) vs. logPO 2 where Y is the fractional saturation. Heat of oxygenation (⌬H) was calculated using the van't Hoff equation: ⌬H ϭ 4.574 ⌬log P 50/⌬(T Ϫ1 ) (54) . Experiments were carried out in duplicate or triplicate in 50 mM Tris, pH 6.5-8.3, in the temperature range of 18 -32°C, and in the presence of 0, 10, and 100 mM lactate and 0 or 0.15 M NaCl. The effect of temperature and NaCl was investigated at pH 8.3, whereas the effect of lactate was investigated at pH 6.5 (15) .
Autoxidation rates. To determine oxyMb stability, the rate of spontaneous oxidation of MbO 2 to metMb was measured in air at 20°C in 50 mM Tris buffer, pH 7.0. The decrease in absorbance over time was monitored at 542 nm hourly for 18 h with a HP 8543 UV-visible diode array spectrophotometer. Mb concentration was ϳ15 M.
Sulfhydryl reactivity. To investigate free Cys reactivity, we measured the thiol-mediated conversion of 4-PDS (4,4=-dithiodipyridine) into 4-TP (4-thiopyridone) (17) . We used a 2-or 4-molar excess of 4-PDS over heme at a concentration of ϳ10 -15 M heme in a 50 mM Tris pH 7.0 buffer at 20°C. 4-PDS (ϳ0.008 g) was first dissolved in 100 l ethanol before adding water or buffer to the desired concentration. The increase in absorbance at 324 nm, which is the wavelength corresponding to the maximum absorbance of 4-TP (ε ϭ 19.8 mM Ϫ1 ·cm Ϫ1 ), was monitored over time in quartz cuvettes using a HP 8543 UV-vis diode array spectrophotometer. A sample containing the same protein concentration, but without 4-PDS, was used as a reference.
Synthesis and O2-equilibrium measurements of rainbow trout Mb-SNO. A 50 mM S-nitroso Cys (Cys-NO) solution was freshly made by mixing 100 mM L-Cys (dissolved in 0.25 M HCL, 0.1 mM EDTA) with an equivalent volume of 100 mM NaNO2 (dissolved in water). Reaction time was 30 min in ice in the dark. Rainbow trout oxyMb (ϳ200 M heme in 50 mM Tris, 0.5 mM EDTA, 0.5 mg/ml DTT, 0.15 M NaCl, pH 8.3) was then S-nitrosated by incubation with a 10-molar excess of Cys-NO for 15 min at room temperature. The reaction mixture was then quickly passed through a desalting PD-10 column (GE Healthcare) at 4°C to stop the reaction and remove excess Cys-NO (running buffer: 50 mM Tris, 0.5 mM EDTA, pH 8.3). Finally, the Mb-SNO solution was kept on ice and in darkness, concentrated by ultrafiltration, and stored in small batches at Ϫ80°C unless used the same day. A similar procedure was followed for S-nitrosation of Mb with a 10-molar excess of GSNO (Alexis Biochemicals, San Diego, CA), which was dissolved in 0.125 M HCL, 0.05 mM EDTA at a concentration of 50 mM. S-nitrosation with Cys-NO was also performed at a lower pH (50 mM Tris, 0.5 mM EDTA, 0.5 mg/ml DTT, 0.15 M NaCl, at pH 7.3) to check for yield variability.
O2 equilibrium curves of Mb-SNO solutions were performed as described above (buffer: 50 mM Tris, 0.5 mM EDTA, pH 8.3, 20°C), but with only one saturation step measured in each experiment, i.e., each 3-4-l smear of Mb-SNO solution was equilibrated with only one PO2 between 0% and 100% O2, to avoid progressive decay of SNOs due to prolonged light exposure. Using this procedure, we exposed Mb-SNO to 436 nm for only 5 min, the time required to measure a single O2-saturation step. Separate control experiments in 1-ml cuvettes indicated that exposure to 436 nm for 5 min at 20°C of identical Mb-SNO samples did not induce detectable decay in SNO levels as measured by the Saville assay (see below). Complete O2-equilibrium curves of Mb-SNO were determined by combining individual experiments made at different saturation steps. As SNO derivatives are unstable in light (45), the Mb-SNO sample was kept on ice and in darkness while not in use. Preparation of Mb-SNO and measurement of O2 equilibrium curves were carried out in duplicate on independent days.
Analysis of SNO content with the Saville assay. The yield of Mb-SNO was determined using the Saville assay (41) . Briefly, in this reaction HgCl 2 breaks the S-NO bond, the released NO ϩ reacts with water yielding NO 2 Ϫ , which then reacts with sulfanilamide creating a diazonium salt. This reacts with naphtylethylenediamine dihydrochloride (NED) to form an azo-dye adduct, which, in turn, can be quantified by absorbance spectroscopy at 540 nm. Mb samples (ϳ10 M) were incubated for 10 min at room temperature with an equal volume of freshly made Griess reagent (1 part 0.1% NED in water ϩ 1 part 7% sulfanilamide in 5% concentrated H 3PO4) in the absence (control) and presence of 0.2% HgCl 2 (sample). The amount of SNO was quantified as the difference in absorbance at 540 nm between sample and control using ε 540 ϭ 51 mM Ϫ1 ·cm Ϫ1 (23) . The reversibility of S-nitrosation was investigated by adding Cu 2ϩ ions (CuSO4, 625 M) to Mb-SNO (ϳ250 M) in 50 mM Tris, 0.5 mM EDTA, pH 8.3 buffer obtained from the reaction with Cys-NO. After 30 min on ice, in darkness, 1 mM ammonium sulfamate in 0.5 M HCl was added in equal volume to the Mb-SNO solution to remove excess nitrite (23, 41 ) generated in the reaction of released NO with water. Finally, after 10 min, the change in S-nitrosation was determined by the Saville assay.
Measurements of heart total S-nitrosation products by chemiluminescence. To assess whether SNO levels change in the trout heart during anoxia, we exposed trout myocardial rings to the presence (50% O 2, 50% N2) or absence (100% N2) of O2 and then measured the concentrations of nitrite (a major end-product of endogenous NO) and SNO by chemiluminescence. The experimental setup used has been described earlier (20) . Briefly, two ring-shaped preparations of about ϳ10 mm in diameter were cut out from each ventricle and connected to a platinum electrode and a force transducer in two identical setups, which were run in parallel. Each preparation was stretched by a micrometer screw and stimulated with a platinum electrode producing electrical square pulses with duration of 5 ms, a stimulation rate of 0.2 Hz, and a voltage of 50% above that which produced the maximum response. These experiments were performed in HEPES-Tris-buffered trout Ringer solution containing (mM): 115 NaCl, 2.5 KCl, 1 MgSO4, 1.5 CaCl2, 5 HEPES-Tris, at pH 7.5. The temperature of the muscle bath was kept at 15°C by a thermostatted water bath. All rings were allowed to stabilize for 30 min at 50% O2; then one chamber in each parallel setup was switched to 100% N2 for 45 min, and control rings were instead maintained at 50% O2. Myocardial rings were then quickly taken out, frozen in liquid N2, and stored at Ϫ80°C.
Prior to chemiluminescence analysis, the ventricle rings were homogenized for ϳ2 min in 2-ml Eppendorf tubes on ice with a tissue grinder (Struers, Heidalph) in buffer (1:5 g tissue/ml buffer, 50 mM phosphate, 10 mM NEM, 0.1 mM DTPA, at pH 7.3) followed by centrifugation (5 min 12,500 rpm). Heme concentration of each supernatant used for the analysis was measured spectrophotometrically using the extinction coefficient for sperm whale MbO2 (ε418 ϭ 128 mM Ϫ1 ·cm Ϫ1 ). Measurements of nitrite, total (high-and lowmolecular weight) SNOs, and iron-nitrosyl concentration were performed by chemiluminescence using the tri-iodide assay on a nitric oxide analyzer (NOA) (Sievers, Model 280i NOA), as described in detail by Yang et al. (55) . In this method, SNO derivatives, nitrite, and iron-nitrosyl complexes are reduced to NO by I3
Ϫ . The released NO reacts with ozone, resulting in electronically excited nitrogen dioxide, which emits light that is detected by the NOA. It is possible to distinguish between nitrite and SNOs by pretreating the samples with 5% acidified sulfanilamide, which reacts with nitrite, forming a diazonium complex that is not reduced by I3
Ϫ . SNOs are further distinguished from iron-nitrosyl complexes by reaction of the sample with HgCl2 prior to addition of sulfanilamide (55) . Anti-foam SE-15 was added to diminish foaming in the purge vessel. Concentration values were obtained by integrating the area under the peaks, using the software Mathematica 7.0 (Wolfram Research, Champaign, IL), and relating each area to that produced by known nitrite standards. Data were normalized to the heme concentration of each sample.
Statistics. Numerical values are given as means Ϯ SD. An unpaired t-test was performed to determine significant changes in O 2 affinity between control and Mb-SNO, and a paired t-test was performed to compare changes in concentrations of SNO between oxygenated and anoxic myocardial rings. Statistical significance was accepted at the 95% confidence interval (P Ͻ 0.05).
RESULTS
The two-step purification procedure used here (ammonium sulfate precipitation and gel filtration; Fig. 1A ) yielded highly pure (Ͼ95%), Hb-free Mb, as judged from SDS-PAGE (Fig.  1A) , IEF gel, and native-PAGE (data not shown), and confirmed by the high ratio of Soret (416 nm) to protein peak (260 nm) of 5.12. Only one Mb isoform was detected on IEF gel and native PAGE, as previously found using mass spectrometry (38) . We found no indication of disulfide-dependent dimerization as evaluated by native-PAGE Ϯ DTT (data not shown). Absorbance spectra indicated that the purified Mb was in the ferrous, oxy form with peaks at 416, 542, and 576 nm (Fig.  1B) , and therefore, no reduction of ferric heme prior to the following experiments was necessary. As illustrated in Fig. 2A , rainbow trout Mb has a low O 2 affinity, i.e., a high P 50 (P 50 ϭ 4.92 Ϯ 0.29 mmHg, 25°C), the highest value ever reported for any vertebrate Mb at the same temperature. The slope of 0.99 Ϯ 0.02 of Hill plots verifies the noncooperativity of monomeric Mb and furthermore confirms that Hb was not present as a contaminant. We found no allosteric effect of chloride, pH, or lactate on the O 2 affinity (Fig. 2B) . The O 2 affinity of rainbow trout Mb was dependent on temperature with overall heat of oxygenation ⌬H ϭ Ϫ12.03 kcal/mol O 2 , as calculated from the slope of the van't Hoff plot (Fig. 2C) .
Autoxidation experiments showed that rainbow trout oxyMb is very stable under the experimental conditions used (20°C, 50 mM Tris, pH 7.0). The estimated half-time of the conversion from oxyMb to oxidized, ferric Mb was ϳ26 h.
The 4-PDS assay showed 1.3-1.9 accessible thiols at 4-or 2-fold excess of 4-PDS relative to Mb, respectively, consistent with 2 Cys residues in the amino acid sequence (BAI45225, GenBank). Heme was rapidly oxidized to the ferric form during the reaction with 4-PDS (Fig. 3) , with a half-time of ϳ3.5 min, suggesting that binding of bulky 4-PDS to Cys may open the heme pocket and render heme more subject to oxidation. We then examined whether Cys residues of trout Mb formed Mb-SNO when reacting with Cys-NO and whether there was an effect on the O 2 affinity when the Mb is Snitrosated. Oxygenated trout Mb was successfully S-nitrosated by transnitrosation with Cys-NO and GSNO. However, the reaction yield measured by the Saville assay was variable, with ϳ0.3-0.6 SNO/heme (n ϭ 4) for the reaction with Cys-NO, indicating that not all of the reactive Cys found in the 4-PDS assay were S-nitrosated under our experimental conditions. Partial oxidation to the ferric (met) form occurred during S-nitrosation, as judged from the increase in absorbance at 500 nm (Fig. 4A) . Reaction with GS-NO yielded only ϳ0.1 SNO/ heme (n ϭ 2). S-nitrosation of trout Mb with Cys-NO at a lower pH (pH 7.3 instead of 8.3) yielded Ͻ0.02 SNO/heme, indicating that a lower pH is unfavorable for the reaction. The addition of Cu 2ϩ to Mb-SNO lowered the amount of SNO/ heme from 0.3 to 0.1, indicating that the NO is released from Mb-SNO. After Cu 2ϩ incubation of Mb-SNO, all heme was converted to the ferric form (Soret peak at 407 nm), consistent with the reaction between the NO generated and oxygenated heme.
O 2 equilibrium experiments of Mb-SNO (at 0.6 SNO/heme) showed a significant decrease in the P 50 (P Ͻ 0.05) from 3.36 Ϯ 0.11 to 2.23 Ϯ 0.19 mmHg at 20°C (Fig. 4, B and C) . The slope of the Hill plot below unity (0.88 Ϯ 0.10) indicates the functional heterogeneity of the sample, containing a mix- ture of unmodified Mb and Mb-SNO with different O 2 affinities. The P 50 value measured represents, therefore, not the O 2 affinity of pure Mb-SNO, but lies between that of Mb and Mb-SNO. From the P 50 of unmodified Mb and of Mb-SNO at 0.6 SNO/heme, the P 50 of pure Mb-SNO derivative can be estimated at ϳ1.33 mmHg at 20°C. Although some ferric heme was inevitably present in Mb-SNO preparations, this does not affect the P 50 because ferric heme does not interfere with oxygenation of Mb. As the protein is a monomer, the presence of met-Mb merely decreases the amount of functional (ferrous) Mb available for O 2 binding. Incubation of Mb-SNO with the met-reducing enzymatic system (21) resulted in the rapid disappearance of SNO, as these derivatives become unstable in a reducing environment (16) .
Values of total SNO and nitrite obtained by chemiluminescence in trout ventricle rings were in the micromolar range and slightly decreased after exposure to anoxia (Fig. 5, A and B) . Levels of SNO and nitrite found were (in M) 0.032 Ϯ 0.002 and 0.237 Ϯ 0.035, respectively in ventricle rings exposed to 50% O 2 and 0.024 Ϯ 0.010 and 0.227 Ϯ 0.023, respectively in ventricle rings exposed to anoxia. The difference between SNO/heme or nitrite/heme values was measured before and after anoxia (Fig. 5, A and B) ; however, it was not significant (P ϭ 0.126 and P ϭ 0.321, respectively). Iron-nitrosyl complexes were below detection limit in trout myocardial rings.
DISCUSSION
Rainbow trout Mb has a very low O 2 affinity. The P 50 of rainbow trout Mb (4.92 Ϯ 0.29 mmHg, 25°C) reported here is to our knowledge the highest found in any vertebrate Mb, thus confirming what we observed in a previous study (36) . The high P 50 of the Mb correlates well with the high P 50 of trout blood (51), whereby Hb and Mb in this species would each function as in vivo O 2 carriers within ranges of relatively high O 2 tensions. Such low-affinity character of the Mb (and Hb) is consistent with the known intolerance of rainbow trout to even mild ambient hypoxia. Early comparative studies on working heart preparations have shown that in rainbow trout, myocardial contractility declines more rapidly during hypoxia and recovers less upon reoxygenation than in carp, an anoxiatolerant species (14) . Other studies on free swimming rainbow trout have shown, by applying a novel optical fiber sensor technique, that O 2 tensions are higher in trout red skeletal muscle than in other vertebrates (trout PO 2 ϳ 60 mmHg vs. mammals PO 2 Ͻ40 mmHg) and that they declined only little (to ϳ45 mmHg) at maximum exercise (31) . Taken together, these studies indicate that maintaining a steep diffusion gradient for O 2 delivery to mitochondria may be important to sustain high aerobic metabolism in this active species and that, as shown here, a low-affinity Mb would allow an efficient O 2 delivery when O 2 consumption increases. Other fish Mbs with relatively low O 2 affinity include Mb from coho salmon (P 50 ϭ 1.78, 20°C; Ref. 33 ) and mackerel (P 50 ϭ 1.39 or 2.01, 20°C; Refs. 28 and 29) that also live in well-aerated waters and are intolerant to prolonged hypoxia.
The amino acid sequence of trout Mb shows highly conserved residues in the distal heme pocket (Leu 26 , Phe 40 , His 60 , Val 64 ), whereby other residues appear to be responsible for the unusually low O 2 affinity of this Mb. On the proximal side of the heme, trout Mb is unique in having in position 83 a Leu rather than a Pro, which may affect the orientation of the heme-carrying F helix and potentially weaken the strength of the iron-O 2 bond. Similarly to other Mbs, the P 50 of trout Mb is not affected by pH, chloride, or lactate (Fig. 2B) . Although lactate has been found in one study to decrease the O 2 affinity of sperm whale and horse heart Mb (15), other studies on the same Mbs (R. E. Weber, unpublished observations), as well as on emperor penguin Mb (49) and bluefin tuna Mb (29), have not found evidence for a lactate effect.
O 2 binding to rainbow trout Mb is an exothermic reaction (Fig. 2C) as in Mbs from other vertebrates, including fish. The overall heat liberated upon oxygenation (⌬H ϭ Ϫ12.03 kcal/ mol O 2 ) is, however, lower than that of other fish Mbs, where overall enthalpy values are typically of Ϫ18 kcal/mol O 2 (29) . A low heat of oxygenation in trout Mb may indicate a weaker bond between the heme iron and the O 2 molecule and would make the O 2 affinity more constant at varying temperatures.
S-nitrosation affects O 2 affinity of rainbow trout myoglobin. Because of its relatively high content of reactive Cys, rainbow trout Mb is an ideal candidate for studying possible changes in O 2 affinity caused by S-nitrosation. We show here that this Mb is an allosteric protein as S-nitrosation at specific Cys is capable of inducing a significant increase in the heme O 2 affinity (Fig. 4, B and C) . Although its structural origin is still unknown, the functional effect of S-nitrosation on O 2 binding predicts the presence of a ligand-linked conformational change, as described by Wyman (54), with S-nitrosation being more favored in the oxygenated state, according to the thermodynamic cycle below (15):
From the conservation of the free energy (⌬G) Gassociated with the dissociation equilibria (⌬G ϭ ϪRTlnK eq ), it follows that P 50 (Fig. 4C) , it can be deduced that deoxy K SNO Ͼ oxy K SNO , i.e., delivery of the SNO group is more favored in deoxyMb. Thus, S-nitrosation of Mb has the same functional effect on the O 2 affinity as in human Hb (25, 32) . Although this type of modulation of heme O 2 affinity has not been described before for Mb, human neuroglobin, another vertebrate monomeric globin, shows a somewhat similar functional mechanism, whereby formation of an internal disulfide between reactive surface cysteines is capable of modifying heme reactivity (10, 19) .
Rayner et al. (37) found that human Mb, which contains a single reactive Cys 110 (24) , reacts with Cys-NO and GSNO to generate Mb-SNO and that the Cu 2ϩ -catalyzed NO release from Mb-SNO is able to dilate preconstricted vessels (37) . In blackfin tuna Mb, S-nitrosation of Cys 10 on the A helix causes conformational changes by shifting apart the protein GH corner from the A helix by steric interference with Leu 117 and Ala This newly discovered mechanism of trout Mb could be important in releasing SNO together with O 2 when heart and skeletal muscle become hypoxic. Although rainbow trout cannot adapt to hypoxic environments, it may experience rapid, short-term regional hypoxia in the heart and skeletal muscle during bouts of high activity (31) . In these instances, Mb-SNO could play a role in releasing NO locally in tissue areas that are temporarily hypoxic (and thus lowering rate of mitochondrial respiration and/or increasing blood supply from the nearby vasculature) or it could be involved in specific S-nitrosation of protein targets controlling myocardial contractility (12) . Clearly, further studies are necessary to identify the possible targets of Mb-SNO in trout.
Not all of the Cys of rainbow trout Mb were S-nitrosated by either Cys-NO or GSNO, even though they were reactive toward 4-PDS. Factors that may affect the formation or the stability of S-nitrosothiols include the reactivity of the thiol, pH, the redox environment (48, 46) , and the residues surrounding the thiol group (30) . Similarly to our yield of ϳ0.3-0.6 SNO/heme for transnitrosation with Cys-NO, S-nitrosation of tuna Mb yielded 0.5-0.7 SNO/heme (42) , suggesting that in rainbow trout Mb, only one Cys (likely Cys 10 , in analogy with tuna Mb) was S-nitrosated and that the other Cys residue (Cys 107 ) is somehow inaccessible to S-nitrosation. The lower yield for transnitrosation with GSNO (ϳ0.1 SNO/heme) is consistent with the low yield obtained for the reaction with GSNO in human Mb (37) and can be explained by the larger steric bulk that gives GSNO a greater stability compared with Cys-NO (50) .
The in vivo nanomolar concentrations of total SNO in rainbow trout myocardial tissue found here are consistent with values for a number of tissues (4). That total SNO did not decrease significantly in myocardial preparations after anoxia (Fig. 5A) suggests the occurrence of both NO generation from SNO and of transnitrosation reactions (that will tend to preserve total tissue SNO). Similarly to SNO, nitrite, also involved in NO signaling particularly during hypoxia, did not decrease significantly after anoxia (Fig. 5B) , again suggesting a balance between nitrite consumed and generated. We have recently shown that isometric trout myocardial preparations are sensitive to changes in endogenous NO and nitrite levels and specifically that when NO levels increase, the O 2 utilization efficiency (the ratio of twich force to O 2 consumption) increases, because of a reduction in O 2 consumption (36). Thus, any NO released from deoxyMb-SNO or S-nitrosation process mediated by Mb-SNO would also contribute to improve myocardial O 2 utilization efficiency. Although S-nitrosation may inhibit mitochondrial complex I irreversibly and promote tissue injury (5), the reversible interaction of NO with cytochrome-c oxidase may have a protective effect in short-term tissue hypoxia, as it may occur during intense exercise, by prolonging O 2 availability and inhibiting reactive O 2 species generation from complex I (9, 26) .
In conclusion, we show here that rainbow trout Mb has a very low O 2 affinity, which may function to facilitate intracellular O 2 diffusion at a high range of in vivo O 2 tensions and reflect the fact that this active species lives in well-aerated waters and is intolerant of hypoxia. Although insensitive to noncovalent cofactors such as protons, chloride, and lactate, the low O 2 affinity of rainbow trout Mb is allosterically regulated by covalent, posttranslational S-nitrosation at a Cys residue, a functional effect similar to that of human Hb and described for a Mb for the first time. The functional effect on the O 2 affinity suggests that NO can be released together with O 2 during short-term hypoxia of the myocardium, a mechanism that could be important in adjusting cellular respiration to O 2 availability during a change in activity.
Perspectives and Significance
The results of this study improve the understanding of the diverse functional roles of Mb in vertebrates and extend the variety of the mechanisms for allosteric regulation in globin proteins. Whereas O 2 binding to vertebrate tetrameric Hbs is generally affected by noncovalent ligands such as protons, organic phosphates, and anions, the monomeric globins trout Mb and human neuroglobin change their heme reactivity in response to covalent modification at Cys residues. In the case of trout Mb, as shown here, S-nitrosation at a Cys residue appears to be responsible for the observed change in O 2 affinity. However, such a regulation mechanism cannot be of general significance, as most mammalian and avian Mbs lack Cys residues (7, 39, 8) , in contrast to many fish and reptilian species that have Mbs containing several Cys (3). One could speculate that a high Cys content of the Mb and the ability to form S-nitrosated Mb may be beneficial in ectothermic animals like fish and reptiles, which are often subject to short-term fluctuations in tissue O 2 availability, regardless of the ability to adapt to long-term ambient hypoxia. Further comparative studies will elucidate the complex interplay between NO and O 2 in the regulation of heart function.
